ABSTRACT: Shear behavior of glass fiber reinforced polymer (FRP) bridge deck components has been experimentally and theoretically studied under in-plane shear, out-of-plane shear, punching shear, shear of web-flange junction, and system racking shear. Experimental data revealed that the shear modulus of FRP bridge decks ranged from 2.66 to 4.14 GPa and the shear stress to failure ranged from 20.7 to 96.6 MPa. In-plane shear behavior is studied under V-notched and racking shear test (parallel and perpendicular to cell direction). Experimental results under in-plane shear loading are compared with the results from the classical finite element method. Out-of-plane shear strength and stiffness of an FRP composite deck are experimentally evaluated utilizing test data from the short beam shear test, and the beam bending test. Using experimental and numerical results, the reduction in bending rigidity due to shear deformation under several loading conditions is calculated. In addition, size limits (span to depth ratio) under transverse loading are established as: L/d 4 22 (for multi-cell specimen with and without joints). A theoretical model based on FRP deck types for predicting punching shear capacity is proposed and validated through experimental data. In addition, the failure modes of test specimens are identified and reported. To study the web-flange junction behavior, closed FRP sections were tested under shear-bending effect. It is clear that the web-flange junction shear strength is only one half of the shear strength obtained from flange specimens under V-notched beam testing. While testing, cracks and layer delaminations around web-flange junctions were initiated and extended along the thickness of the web portion with increasing applied loads, which eventually led to web shear-off failure. In addition, it is found that shear strengths of test specimens depend on modes of shear failures induced by different shear test methods. Higher shear strength is found on failure modes that have more influence of fiber shear.
INTRODUCTION S
HEAR MODULUS OF glass fiber reinforced polymer (GFRP) composites (combination of glass fabrics and resin system) is much smaller than their elastic modulus, which is about 3.5 GPa. FRP structural members under combined loads are likely to initially fail in shear. The previous research [1] on the behavior of FRP composites under shear loading was focused mostly on laminated composite plates. In addition, available FRP deck studies [2, 3] have not shed enough light on the understanding of their mechanical behavior for safe and efficient structural design.
The method of simultaneous determination of shear and flexural moduli for composites was explained by Fisher [4] . An experimental method for the simultaneous determination of flexural and shear moduli of full section FRP pultruded beams was presented by Bank [5] . Strengths and limitations of previous shear behavior studies of FRP composites determined the out-of-plane stiffness under three-and four-point bending test procedures to decouple bending and shear rigidities [6, 7] . Schniepp [8] studied shear effects in FRP beams that were conducted on small wide flange (WF) beams of 76 Â 76 Â 6 mm. Four-point bending tests were conducted on those WF beams to determine bending modulus and shear stiffness. The bending and shear stiffness were found to be 31.9 and 2.41 GPa, respectively.
The V-notched beam test method was used to study in-plane shear strength of unidirectional carbon/expoxy composites and it was found that in-plane shear strength could be determined using a quadratic failure criterion [9] . Shear behavior of web-flange junctions of pultruded GRP WF profiles was experimentally evaluated [10] . It was found to be about one-seventh of the shear strength of the FRP web or flange portion under V-notched beam test. Howard [2] found four additional shear dominated failures under several loadings. These are longitudinal/horizontal shear failures causing separation of web from flange, punching shear failure, racking shear causing bending or transverse web shear failure, and torsional shear leading to web failure.
OBJECTIVE
The objectives of the research described in this article are: (1) to experimentally evaluate to the shear behavior of FRP deck composites at component and system levels under static loads, (2) to develop analytical models predicting shear behavior, and (3) to validate analytical predictions of FRP composites under shear with the experimental data and finite element results. The theoretical and experimental results presented herein contribute towards the understanding of mechanical behavior of fiber reinforced polymer (FRP) bridge decks under a variety of shear loadings. Shear behavior is studied under in-plane shear, racking shear, out-of-plane shear, punching shear, and shear of the web-flange junction because of specific limitations of composites, especially to resist shear induced stresses.
EXPERIMENTAL PROGRAM
FRP multicellular decks (ProDeck4 and ProDeck8) shown in Figure 1 are used to experimentally evaluate throughout this study. The axes of test specimens are shown in Figure 2 . The experimental program in terms of test set-up, specimen dimensions and preparation, data collection are narrated in the following for shears under in-plane, racking, out-of-plane, punching, and web-flange junction.
In-plane and Racking Shear Response
The V-notched beam tests were conducted to collect strain and strength data, and to evaluate in-plane (xy) shear strength and modulus in both the x and y directions. The inplane shear behavior at component level with two possible racking shear load directions (x and y) is studied. V-notch beam shear test coupons were prepared by cutting the ProDeck4 flange in both longitudinal and transverse directions and tested according to ASTM D5379M. Six samples (1.91 Â 7.62 Â 1.10 cm) for both specimen types were prepared for a 908 notch at the center of the specimen at an angle of 458 for both sides. In addition, a rosette strain gauge was mounted at the mid span of the specimen surface to collect strains in different directions and to establish principal strain magnitude and orientations.
To evaluate the in-plane shear modulus of the component specimens under racking shear in the direction parallel to FRP deck cell (strong axis), test specimens were prepared using several 30.48 cm wide ProDeck4 modules. Test specimens were tested under a point load at one end with free movement, whereas the other end is constrained from movement in all directions as shown in Figure 3 (a). To prevent any movement at one end of the test specimens, a heavy steel plate was placed on top of the steel beam to attain uniform load distribution on the beam induced through a patch load. Vertical deflections of the test Performance Evaluation of FRP Bridge Deck Under Shear Loads specimens were measured by using LVDTs at both the beginning and end points of the test span.
To apply a patch load, a small hydraulic jack was positioned under the test specimens. A data acquisition system was used to measure applied load, strains and deflection through LVDTs. The in-plane shear (xy) modulus was directly obtained from the slope of the applied shear stress vs. in-plane shear strain curve. In addition, the effectiveness of connection type including: (1) rivet, (2) glue, and (3) rivet-glue is evaluated. The test specimen dimensions are given in Table 1 .
To study shear response under racking shear in the direction perpendicular to FRP deck cell (weak axis), the ProDeck4 deck panel was assembled into a rectangular shape (152.40 Â 167.64 Â 10.16 cm). A special rigid steel frame was made to provide displacement only in the vertical direction as shown in Figure 3 (b). Small loads were applied from hydraulic jacks into the top steel beam of the load frame to prevent vertical displacement through 50.80 cm from the right end of the test specimen. Another hydraulic jack was attached to the steel frame to apply load onto the test specimen. To monitor the magnitude of vertical displacement, dial gauges were attached along the length of the test span at distances of 60.96, 101.60, and 142.24 cm from the right end.
Out-of-plane Shear Response
The out-of-plane shear strength at component level is evaluated herein using short beam shear test data. To evaluate out-of-plane shear moduli (xz and yz), FRP deck specimens were tested under three-and four-point bending load conditions. Longitudinal specimens were placed on the support system with a test span of 121.92 cm in length in both single and multi-cell longitudinal specimens. Also, test specimens in the transverse direction were tested for a test span of 335.28 cm. The vertical deflections at mid span were measured using LVDT. Similarly, four point bending tests on FRP decks both in longitudinal and transverse direction have been carried out. In addition, a stiff beam to transfer load was placed on steel rollers located on top of the test specimens. Additional details on the test set-ups are shown in Figure 4 and Table 2 .
LVDTs are used to measure vertical deflection at mid-span and also at reaction points. Applied load data were directly obtained from the actuator. To decouple deflections from bending and shear, measured deflections under three-and four-point bending are necessary. Modified Timoshenko beam equations [6, 11] were utilized for this purpose. The decoupling of bending and shear is done by subtracting deflection at mid-span from the defection at a distance (a) from the supports where applied loads act, and also by recognizing that the beam span between two point loads is not under shear influence in a four-point beam test. Thus, bending rigidity (EI) b is evaluated by substituting measured deflections at mid-span and also at a distance (a) from the support into the subtracted resultant. To evaluate shear rigidity GA, bending rigidity (EI) b is substituted into the deflection equation under three-point bending as:
where P=ð m4 À a4 Þ ¼ 4 , P=ð m3 Þ ¼ 3 , m3 is the deflection at mid-span under three-point bending, m4 is the deflection at mid-span under four-point bending, and a4 is the deflection at distance (a) from each support. Additional details of Equation (1) are given in the Appendix and the above approach is referred to as the back calculation method. In addition, data from finite element analysis are compared to the experimental response. The reduction factors in bending rigidity in the presence of shear were calculated to establish the size limit or aspect ratio (span length to depth) under transverse loading. The reduction factors of bending rigidity due to shear deformation in FRP deck specimens were experimentally evaluated by using elastic and out-of-plane shear modulus provided by the back calculation method. The deflection equation of Timoshenko's beam theory [6, 11] that includes deflections under bending and shear is adjusted by writing deflection due to shear in terms of deflection under bending. Such adjustment properly reflects the effect of shear influence on bending rigidity under specific load conditions:
where ( m ) t is the total mid-span deflection with ( m ) b and ( m ) s reflecting mid-span deflections under bending and shear, and f bs is the ratio of bending to shear deflection.
Punching Shear Response
ProDeck4 modules were cut parallel to the cell direction. Three span-to-cross-section ratios were tested for single cell modules. In addition, ProDeck4 modules with and without joints were prepared (10.16 Â 45.72 Â 91.44 cm) for testing. A steel plate (5.12 Â 6.35 Â 2.54 cm) was placed on the center of the top specimen surface to induce punching load over a patch equal to the size of the steel plate. Specimens were placed on simply supported steel rollers that rest on the platen of the testing machine. A load cell and LVDT were connected to a data acquisition system for monitoring applied load and vertical deflection data.
The following assumptions to establish the theoretical model for punching shear are: (1) the shear stress contribution of the 908 fibers, transverse to the cell direction of the FRP composite deck is neglected, (2) the shear stress resistance of the resin is neglected, (3) the experimental load-deflection curves under vertical patch loads reveal that opposite edges of the steel plate (patch) resist different load intensities. Thus, contribution of shear stress on each side depends on the patch load dimensions, (4) the effects of local fiber bending, buckling and kinking are neglected, (5) all layers of fiber laminates are perfectly bonded together, (6) the fiber architecture is valid only for unidirectional and/or bi-directional fiber (fabrics) (invalid for 3-D stitched fabrics), (7) the contribution of mat (T mat ) is assumed to be 62.5%, and (8) interaction between the load contact surface and deck flexibility is neglected. Based on the above assumption, theoretical punching shear strength in Prodeck 4 is the product of maximum shear stress offered by unidirectional composites times the percentage of shear fibers existing in the top flange.
where m is maximum intralaminar shear stress of unidirectional composite ($12 ksi), is fiber orientation with respect to longitudinal direction of the FRP composite deck, V f is the fiber volume fraction of the FRP composite ($ 50%), T i is the thickness of the ith fiber layer, T total is total flange thickness (0.43 00 ). L T (2.5 00 ) and L L (2.2 00 ) are transverse and longitudinal length of patch area, respectively.
Web-Flange Junction Shear Response
Closed FRP sections were tested under shear-bending effect. Web-flange junction strength was evaluated and compared with the strength obtained from other test procedures such as the V-notched beam (shear) test. Specimens were tested under concentrated loads using a shear apparatus modified from an original apparatus that was built by Turvey and Zhang [10] . Specimens were clamped at one end to the end of the vertical plate of the L shape load frame using bolts and clamps. The other ends of the specimens sat on a steel support. To minimize the effect of bending moment induced into web-flange junctions, loading head was located about 2.54 cm from the clamped support. In addition, vertical displacement of the testing machine platen was monitored using LVDT. The test set-up is illustrated in Figure 5 . A summary of the specimen dimensions is given in Table 3 . The test span is taken as 7.62 cm and the applied load (P) was positioned at 2.54 cm from the fixed-end support. Shear stress was assumed to be uniform over the web depth, to simplify shear stress computations. 
Performance Evaluation of FRP Bridge Deck Under Shear Loads

FINITE ELEMENT METHOD
FEMAP was used as a pre-and post-processor with ANSYS as a solver. The FRP composite deck specimens were modeled using orthotropic shell elements. The element had six degrees of freedom at each node (translations in the nodal x, y, and z directions and rotations about the nodal x, y, and z-axes). For finite element analysis, the structural properties of ProDeck4 specimens were taken from experimental data at coupon level. ProDeck4 elastic moduli in longitudinal (E x -strong axis) and transverse (E y -weak axis) directions are noted to be 26.2 and 9.65 GPa, respectively [3] . In-plane and out-of-plane shear moduli (G xy , G xz , and G yz ) of ProDeck4 are found to be 3.93, 3.10, and 2.55 GPa, respectively [12] . Two finite element analysis model based displacement fields are presented in Figure 6 .
EXPERIMENTAL EVALUATION AND THEORETICAL RESULTS
Experimental Evaluation of In-plane and Racking Shear Response:
Load vs. deflection response under V-notched testing revealed a linear behavior up to about 80% of the failure load, with the remaining 20% resulting in non-linear response. From the experimental data, the average in-plane shear (xy) strength of longitudinal specimens (96.6 MPa) is about 17% higher than that in the transverse direction in-plane shear strength (82.8 MPa) because the roving volume is not the same in both directions. However, the average in-plane shear modulus in both directions is nearly the same (4.31 and 4.19 GPa). In addition, the failure shear strain is about 20,00 me. It is found from the V-notched beam test data that the average in-plane shear (xy) modulus of both longitudinal and transverse specimens is higher than those results provided by torsion test data [12] . It appears that V-notched beam specimens have more influence from fiber shear than in torsion, where resin influence is dominant. For failure modes of transverse specimens, small cracks between notches on a test specimen were observed during initial stages of loading, i.e., 25% to 30% of ultimate load. As the applied load increased, cracks extended vertically from both notches through the test specimen length until the test specimens failed. The failure pattern for longitudinal specimens as well as transverse specimens was observed through the experiments. However, small cracks through the thickness were not clearly visible on this type of test specimen. The failure modes of longitudinal and transverse specimens are shown in Figures 7(a) and (b) , respectively. In-plane shear stress vs. strain response under racking shear (parallel to cell direction) exhibits a near bi-linear response (refer to Figure 8) , with the shear modulus varying from 3.99 to 4.04 GPa and from 3.10 to 3.68 GPa for specimens without and with joints, respectively. The percent difference of in-plane shear (xy) modulus between experimental and finite element results varies from 2.08 to 4.32% for specimens without joints, and from 11.07 to 21.9% for specimens with joints. In addition, the percent difference of in-plane shear (xy) modulus between the experimental and torsional result [12] is from 4.75 to 7.51% for specimens without joints and from 3.12 to 12.73% for specimens with joints. The in-plane shear modulus of specimens provided by the racking shear test (parallel cell direction) data is slightly higher than that under the torsion test without joints. For specimens with joints, in-plane shear (xy) modulus of test specimens is found to depend on the connection types, i.e., rivet, glue, and rivet-glue [12] . The maximum in-plane shear modulus and joint efficiency of specimens with joints are found on the rivet-glue type joining system.
The equivalent in-plane shear (xy) modulus from the racking shear test in the direction perpendicular to cell direction is smaller than that from the torsion test [12] and finite element analysis by about 25.7 and 37.6%, respectively. Since the test specimen was loaded in the weaker direction, i.e., lower stiffness direction coupled with joints, higher percent of difference in modulus is anticipated with test data. In addition, slippage at the boundaries during loading leads to apparent lower stiffness. Moreover, joint efficiency under racking shear loading was found to be about only 80% from the finite element result. 
Experimental Evaluation of Out-of-plane Shear Response
The load and deflection behavior under short beam shear tests can be described in two stages: (1) linear behavior up to 50% (single cell) and 70% (multi-cell) of maximum applied load, and (2) non-linear load vs. deflection response from about 50% (single cell) and 70% (multi-cell) of the maximum applied load to failure. The shear strength of ProDeck4 multi-cell specimens is about 59.5 MPa (8.62 ksi) which is higher than that of a single cell $53.2 MPa (7.71 ksi). This difference is attributed to fiber cutting on single cell leading to premature debonding of fibers from the matrix before failure. Fiber discontinuity (premature fiber bond failure) and shape effect (beam vs. plate) of test specimens contribute to this difference. The failure mode of the FRP component was found to be a combination of different failure types including shear and buckling failure (refer to Figure 9 ). Cracks and delamination were found on the cross-section, gradually extending into high stress concentration locations near junctions leading to web buckling.
The load-defection curve of FRP deck components under three-and four-point bending are presented in Figure 10 . The out-of-plane shear rigidity and modulus (xz and yz) are summarized in Table 4 . From a comparison of experimental results, the out-of-plane shear (xz) modulus of the single cell specimen is slightly higher than that from multi-cell specimens with and without joints by about 3-9%, respectively. The out-of-plane shear (xz) modulus of single and multi-cell specimens given by finite element method is also higher than those values from experimental data because of stiffer finite element idealization than in real test case. It should be noted that the comparison of data between experiments and finite element approach for the jointed case along the longitudinal direction is not accurate because of the absence of proper modeling of actual joint properties in the finite element approach. In addition, the joint efficiency based on shear modulus under out-of-plane loading of longitudinal and transverse specimens varied between 80 and 90%, depending on the systems that were used for evaluation. The experimental shear reduction factor for test spans that vary from 24 and 80 inches of longitudinal single-cell and multi-cell under three-point bending, ranges from 0.387 to 0.875 and 0.307 to 0.835, respectively. From the finite element results, this factor is found to be 0.405-0.883 and 0.345-0.854, for single-and multi-cell specimens of spans varied between 24 and 80 inch, respectively. Under four-point bending, reduction factors based on experiments varied from 0.394 to 0.879 and 0.313 to 0.839 for single-and multi-cell specimens, respectively. However, results from finite element analysis ranged from 0.412 to 0.886 and 0.352 to 0.858 for single-and multi cell specimens, respectively. The reduction factor under four-point bending is nearly same as under three-point bending, recognizing that the finite element results are slightly higher than the experimental reduction factor (refer to Figure 11 ). The shear effect is higher for multi-cell specimens than for single-cell specimens due to (1) the elastic and out-of-plane shear modulus results of single cell are higher than those of multi-cell cross-section and (2) the shear reduction factor in this study is calculated using beam theory rather than plate action. Maximum deflection due to shear influence on bending is about 15% of total deflection (using reduction factor data). The size limit due to shear deformation is given in term of length to depth ratio of FRP ProDeck4 under three-and four-point bending loads as: L/d 4 18 (for single cell specimen) and L/d 4 22 (for multi-cell specimen with and without joints).
Experimental Versus Theoretical Response under Punching Shear:
The punching load vs. deflection response of the multi cell cross-section is presented in Figure 12 . The maximum downward load resisted by the top deck flange is defined as punching shear failure load. The two stage failure response is: (1) punching of the first pair of parallel edges over the patch load area, and (2) punching through the top flange thickness. In the first stage, the linear response of load vs. deflection is observed up to failure of first pair of parallel edges over the patch load area. It is followed by a drop in vertical load. In the second stage, response of applied load vs. deflection seems to be linearly increasing to a maximum failure load of another pair of parallel edges over the patch area. After attaining the peak applied load, the intensity of load gradually decreased while increasing in deflection, with sudden drop in vertical deflection. The theoretical and experimental stresses are given in Table 5 . The slope of load vs. deflection in the first stage is found to be higher than that of the second stage (refer to Figure 12 ). In the first stage, the shear force is distributed over the patch area in different ratios until one of the opposite edges of the patch area fail, while in the second stage, the remaining pair supports the vertical load until it punches through the flange thickness.
For single-cell test specimens the maximum punching load varied from $14.41 to 17.04 MPa (2.09-2.47 ksi) depending on the span to depth ratio. As the depth to test span ratios increase, the maximum failure load increased under bending of the top flange. The mode of failure was either in shear or in bending in accordance with the depth to span ratio. The behavior of FRP composite is similar to that of conventional materials such as steel and concrete. However, the expected maximum punching shear strengths should be higher than those obtained from experiments because single cell specimens are prepared from multi-cell specimens by cutting along the cell direction of the FRP deck. Therefore, maximum failure loads of single cell specimens are lower than the expected values because fiber damage due to top flange cutting (leading to bond failure and fiber delamination) and also due to discontinuity at the corners of test specimens. In addition, the theoretical punching stress is predicted to be slightly lower than the experimental punching stress as the bending effect is neglected. The punching shear prediction increases as the depth to test span ratios increase. Notes: (T s /h) is the ratio of test span to height of specimen, P ult is the maximum failure load, A p is the punching area that is obtained by multiplying the perimeter of patch loading area to thickness of FRP composites, ( p ) exp and ( p ) th are maximum experimental and theoretical failure punching shear stress.
In order to avoid local fiber damage and fiber discontinuity the multi-cell specimen test data have been evaluated under punching shear load. The maximum punching stress is found to be 20.2 MPa (2.93 ksi), where the percent difference between theory and experimental results is about 25.9% due to the shape effect (large area of flange and number of webs) and plate action of the top flange. It should be noted that the punching shear expression given in Equation (4) is based on fiber strength and fiber architecture and does not account for shape effect and plate action. For the component specimens with joints, the maximum experimental punching load and stress are higher than the theoretical values by about 12.17%. The lower value of theoretical punching stress is attributed to the flange thickness of test specimens and also to different fiber architectures of the flange assembly. In addition, the experimental punching shear stress of multi-cell cross-sections is higher than that of single cell by about 15.6% due to the shape effect (web-stiffening of the multi-cell) and better bond resistance than in single cell case.
The failure mode of single-cell specimens is illustrated in Figure 13 (a). For single cell specimens, cracking of test specimen around the perimeter of the load patch was observed. When the applied load increased, layer delamination of the flange increased and expanded through the longitudinal length of the test specimens. Also, cracks around the punching area extend diagonally from the corners of that patch area to the specimen edges. For multi-cell specimens, cracks around the punching area clearly appeared in the same manner as in the case of single cell specimens; however, layer delamination and diagonal cracks from corners were not observed. The failure mode of multi-cell specimens is shown in Figure 13 (b).
Experimental Evaluation of Web-Flange Junction Shear Response
The load vs. deflection response from web-flange junction experiment of closed sections can be divided into three stages (refer to Figure 14) : at Stage 1, the load vs. deflection response shows smaller movements of the fixed-end support than in open section, leading to a linear response up to the maximum load corresponding to the failure of the first web-flange junctions with a sudden drop in load: at Stage 2, the applied load gradually increases again until the second web-flange junction fails and the applied load abruptly decreases again, with lower stiffness than in Stage 1: and Stage 3, a small increase in the applied load over the second slope is followed by gradual decrease in load and displacement.
The web-flange junction shear strength of closed sections varied between 31.1 and 44.2 MPa. The maximum and minimum web-flange junction shear strengths are found in specimen WJ C1.5 (3.81 cm thick) and WJ C1 (2.54 cm thick), respectively. The percent differences in the average shear strength of specimens WJ C1 and WJ C2 (5.08 cm) compared to that of specimens WJ C1.5 are 25.8 and 2.88%, respectively. Moreover, the web-flange shear strength of closed sections is compared to V-notched shear strength of longitudinal and transverse ProDeck4 specimens. The percent differences between web-flange junction shear and V-notched shear vary from 42 to 66%. The web-flange junction shear strength is only one half of the shear strength obtained from flange specimens under V-notched beam tests. Therefore, it seems that the web-flange junction strength of closed sections specimens is more realistic and safer for design than the shear strength from V-notched beam testing.
From experimental results most specimens have a similar failure mode and it should be noted that the failure mode does not depend on the flange thickness. Cracks and layer delamination around the web-flange junctions of test specimens were found. Initially, layer delamination around the web-flange junctions was observed. Following delamination, cracks near junctions were extended along the thickness of the web-flange portions corresponding to an increase in the applied load until shearing off through the thickness of the web-flange junctions had taken place. Failure of test specimens is presented in Figure 15 .
Discussion on the Strength Results of Different Shear Test Methods
From experimental observation, the shear strengths obviously depend on different modes of shear failures that are obtained from different shear test methods. It is found that 
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APPENDIX: DEFLECTION UNDER THREE-AND FOUR-POINT BENDING
For specimens under three-point bending, experimental deflection at mid-span ( m3 ) being a function of load and rigidity is given as:
For specimens under four-point bending, experimental deflections at mid-span and loading distance (a) from supports are as follows. Deflections at mid-span ( m4 ) and distance (a) from each support ( a4 ): where D b is bending rigidity (EI), D s is shear rigidity (kAG), k is shear coefficient, P is applied load at mid-span, and L is the span of the specimen. () shear is deflection due to shear effect.
